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SUMMARY 
Computer s i m u l a t i o n s  o f  t h e  d i r e c t - i n j e c t i o n  s t r a t i f i e d - c h a r g e  ( D I S C )  
Wankel engine a r e  used t o  c a l c u l a t e  hea t  r e l e a s e  r a t e s  and performance and 
e f f i c i e n c y  c h a r a c t e r i s t i c s  o f  t h e  D e e r e  model 1007R engine t e s t  r i g .  Engine 
d p r e s s u r e  d a t a  a r e  used i n  a h e a t  r e l e a s e  a n a l y s i s  t o  s t u d y  t h e  e f f e c t s  o f  hea t  
3 t r a n s f e r ,  leakage,  and c r e v i c e  flows. P r e d i c t e d  engine performance d a t a  a r e  
An examina t ion  o f  methods to  improve t h e  performance o f  t h e  Wankel engine w i t h  
advanced spark t i m i n g ,  reduced leakage,  h i g h e r  compression r a t i o ,  and t u r b o -  
c h a r g i n g  i s  a l s o  p resen ted .  
I compared w i t h  exper imen ta l  t e s t  d a t a  o v e r  a range of  engine speeds and loads .  cr) 
w 
INTRODUCTION 
The d i r e c t - i n j e c t i o n  s t r a t i f i e d - c h a r g e  ( D I S C )  Wankel engine i s  c u r r e n t l y  
b e i n g  e v a l u a t e d  by NASA as a f u t u r e  advanced powerp lan t  f o r  l i g h t  commercial 
a i r c r a f t  and s i m i l a r  a p p l i c a t i o n s  ( r e f .  1 ) .  The D I S C  Wankel engine o f f e r s  
a t t r a c t i v e  advantages o v e r  r e c i p r o c a t i n g  engines.  These advantages i n c l u d e  
h i g h e r  a i r f l o w  c a p a c i t y ,  h i g h e r  power-to-weight r a t i o ,  s i m p l e r  and more compact 
shape, f e w e r  moving p a r t s ,  lower n o i s e  l e v e l s ,  and l e s s  v i b r a t i o n .  The D I S C  
combust ion concept  i s  i n s e n s i t i v e  to  f u e l  cetane and oc tane  r a t i n g s .  W i th  i t ,  
t h e  Wankel engine can be des igned fo r  o p e r a t i o n  w i t h  j e t - f u e l ,  d i e s e l ,  or 
m u l t i - f u e l  c a p a b i l i t y  ( r e f s .  1 and 2). 
D e s p i t e  i t s  apparen t  advantages, t h e  Wankel engine has ach ieved  o n l y  l i m -  
i t e d  acceptance t o  d a t e .  I t s  a l l e g e d l y  poo re r  c y c l e  e f f i c i e n c y  than  t h a t  o f  a 
comparable p i s t o n  engine may be a d e t e r r e n t  t o  t h e  ment ioned a p p l i c a t i o n s .  
A l though  p u b l i s h e d  d a t a  a r e  scarce,  an i n d i c a t e d - t h e r m a l - e f f i c i e n c y  s h o r t f a l l  
of about  5 percentage p o i n t s  (e .g . ,  28 p e r c e n t  as opposed t o  33 p e r c e n t  fo r  a 
comparable p i s t o n  eng ine )  i s  t h o u g h t  t o  be r e p r e s e n t a t i v e  a t  t h i s  t i m e .  I n  t h e  
p a s t ,  r e s e a r c h  t o  c l a r i f y  and r e s o l v e  t h i s  i s s u e  was impeded by t h e  l a c k  o f  
b o t h  a p p r o p r i a t e  e n g i n e - s i m u l a t i o n  computer models and an adequate engine t e s t  
r i g .  T h i s  paper r e p o r t s  t h e  f irst c o o r d i n a t e d  use o f  r e c e n t l y  deve loped com- 
p u t e r  models and a new, h igh-per fo rmance t e s t  r i g  to  s t u d y  t h e  e f f e c t s  o f  com- 
b u s t i o n  r a t e  phenomena and v a r i o u s  loss mechanisms i n  a D I S C  Wankel engine.  
The o b j e c t i v e  o f  t h i s  i n v e s t i g a t i o n  i s  t w o f o l d .  F i r s t ,  t h e  combust ion 
r a t e  and performance loss mechanisms o f  t h e  D e e r e  model 1007R Wankel engine 
t e s t  r i g  were analyzed.  Exper imenta l  p r e s s u r e  d a t a  o b t a i n e d  from t h e  1007R 
engine r i g  were used w i t h  t h e  Massachusetts I n s t i t u t e  o f  Technology ( M . I . T . )  
hea t  r e l e a s e  computer model t o  e v a l u a t e  t h e  f u e l  b u r n i n g  r a t e  and loss mechan- 
i s m s  (such as hea t  t r a n s f e r  t o  s t r u c t u r e s ,  c r e v i c e  volumes, and gas l eakage) .  
Second, t h e  M . I . T .  e n g i n e - s i m u l a t i o n  model was used t o  p r e d i c t  t h e  performance 
o f  t h e  1007R eng ine  r i g .  
da ta .  The eng ine  s i m u l a t i o n  models were a l s o  used t o  examine how D I S C  Wankel 
eng ine  per fo rmance v a r i e s  w i t h  changes i n  eng ine  des ign  and o p e r a t i n g  cond i -  
t i o n s .  P o t e n t i a l  per fo rmance improvements o f  t h e  D I S C  Wankel eng ine  w i t h  
advanced spark  t i m i n g ,  reduced leakage,  h i g h e r  compression r a t i o ,  and t u r b o -  
c h a r g i n g  were i n v e s t i g a t e d .  
The p r e d i c t i o n s  were t h e n  compared w i t h  exper imen ta l  
MODELS DESCRIPTION 
Two thermodynamic s i m u l a t i o n  models were used t o  p r e d i c t  t h e  per fo rmance 
These models were developed by r e s e a r c h e r s  a t  o f  D I S C  Wankel r o t a r y  eng ines .  
S loan Au tomot i ve  L a b o r a t o r y ,  Massachusetts I n s t i t u t e  of Technology ( r e f .  3 > ,  
under a NASA g r a n t .  
t h e  combust ion  h e a t  r e l e a s e  r a t e  from measured chamber p ressu re  by u s i n g  a h e a t  
r e l e a s e  a n a l y s i s  based on a f i r s t - l a w  thermodynamic a n a l y s i s  on t h e  c o n t e n t s  o f  
t h e  eng ine  combust ion  chamber. The combust ion chamber i s  t r e a t e d  as an open 
thermodynamic system, and i t s  c o n t e n t s  a r e  e f f e c t i v e l y  modeled as u n i f o r m  and 
homogeneous. 
by a s imp le  l i n e a r  f u n c t i o n  o f  tempera tu re  f o r  t h e  r a t i o  o f  s p e c i f i c  hea ts  y 
( r e f .  4 ) .  The f u e l  chemical  energy  r e l e a s e d  i n s i d e  t h e  combust ion chamber i s  
accounted for  by a l l  t h e  ma jo r  energy  and mass t r a n s p o r t  mechanisms ( h e a t  
t r a n s f e r ,  leakage,  and c r e v i c e  volume e f f e c t s )  i n  a d d i t i o n  t o  t h e  n e t  thermal  
e f f i c i e n c y  and t h e  s e n s i b l e  i n t e r n a l  energy  changes o f  t h e  f u e l  charge.  In 
p e r f o r m i n g  t h e  h e a t  t r a n s f e r  c a l c u l a t i o n ,  t h e  c o n v e c t i v e  h e a t  t r a n s f e r  t o  com- 
b u s t i o n  chamber w a l l s  i s  c a l c u l a t e d  i n  a d d i t i o n  t o  t h e  h e a t  t r a n s f e r s  a s s o c i -  
a t e d  w i t h  f low i n t o  and o u t  o f  c r e v i c e s .  Heat t r a n s f e r  due to  flows th rough  
leakage pa ths  i s  a l s o  s i m u l a t e d .  The f o r c e d  c o n v e c t i v e  h e a t  t r a n s f e r  i s  based 
on t h e  form proposed by  Woschni ( r e f .  5 ) .  The h e a t  t r a n s f e r  c o e f f i c i e n t  
appear ing  i n  t h e  Woschni e q u a t i o n  takes  t h e  f o l l o w i n g  form: 
The f i r s t  t y p e  o f  computer model may be used t o  de te rm ine  
Thermodynamic p r o p e r t i e s  o f  t h e  chamber c o n t e n t s  a r e  r e p r e s e n t e d  
h = 131.0 R-0.2 p0 .8  T-0.53 w0.8 ( 1 )  
where R i s  t h e  rotor r a d i u s ,  P i s  t h e  chamber p ressu re ,  T i s  t h e  chamber 
average tempera tu re ,  and w i s  t h e  c h a r a c t e r i s t i c  speed g i v e n  by  
w = 2.28 C1 UR + 0 .324 C2 f%)pI;;m T I P C  ( 2 )  
where UR i s  t h e  mean ro tor  speed, V i s  t h e  chamber volume, t h e  s u b s c r i p t  IPC 
r e f e r s  t o  c o n d i t i o n s  a t  i n t a k e  p o r t  c l o s i n g ,  Pf and Pm a r e  f i r i n g  and motor- 
i n g  p ressu res ,  r e s p e c t i v e l y ,  and VdIsp i s  t h e  d i sp lacemen t  volume. The sym- 
b o l s  C1 and C2 a r e  s c a l i n g  c o e f f i c i e n t s  and a r e  a d j u s t e d  a c c o r d i n g  t o  t h e  
c a l i b r a t i o n  procedure  d e s c r i b e d  i n  t h e  f o l l o w i n g  s e c t i o n .  C r e v i c e  and leakage 
phenomena a r e  combined; t h a t  i s ,  t h e  leakage f low p a t h  t o  an a d j a c e n t  chamber 
i s  assumed t o  o c c u r  by  way o f  a c r e v i c e  r e g i o n .  
To a s s i s t  i n  f o r m u l a t i n g  t h e  combust ion model, a s i n g l e  u n i v e r s a l  e m p i r i -  
c a l  model wh ich  de f i nes  t h e  r a t e  o f  h e a t  r e l e a s e  for a range o f  speeds and 
loads  was used ( r e f .  3 ) .  From t h e  s t a r t  o f  combust ion a t  c r a n k s h a f t  ang le  
e,, t h e  h e a t  r e l e a s e  r a t e  r i s e s  l i n e a r l y  t o  (dQ/de)m, t h e  peak r a t e  o f  h e a t  
r e l e a s e ,  wh ich  occu rs  a t  em, t h e  c r a n k s h a f t  ang le  p o s i t i o n  a t  peak r a t e  of 
hea t  r e l e a s e .  
s t a n t  T, u n t i l  t h e  exhaust  p o r t  beg ins  t o  open. An i n t e g r a l  c o n s t r a i n t  
The h e a t  r e l e a s e  r a t e  then  decays e x p o n e n t i a l l y  w i t h  a t i m e  con- 
2 
d e f i n e s  t h e  sum o f  t h e  i n t e g r a t e d  h e a t  r e l e a s e  r a t e s  between t h e  i n t e r v a l s  8, 
t o  em, and 0, t o  exhaust  p o r t  opening,  as t h e  combust ion e f f i c i e n c y  ncomb 
m u l t i p l i e d  by t h e  energy o f  t h e  i n j e c t e d  f u e l .  T h i s  i n t e g r a l  c o n s t r a i n t  was 
used t o  a i d  i n  comput ing t h e  f o u r  parameters appear ing  i n  t h e  hea t  r e l e a s e  
e m p i r i c a l  model. The re fo re ,  o n l y  t h r e e  o f  t h e  f o u r  model parameters need t o  
be s p e c i f i e d ,  w i t h  t h e  f o u r t h  b e i n g  de termined by t h e  c o n s t r a i n t .  
t o  em, t h e  r a t e  of h e a t  r e l e a s e  i s  g i v e n  by 
From 8, 
For a c r a n k s h a f t  ang le  g r e a t e r  t han  t h e  peak r a t e  l o c a t i o n  em, t h e  r a t e  o f  
h e a t  r e l e a s e  i s  g i v e n  by 
w i t h  T as t h e  f o u r t h  v a l u e  g i v e n  b y  t h e  i n t e g r a l  c o n s t r a i n t  
T h i s  hea t  r e l e a s e  model can p r o v i d e  b o t h  a u s e f u l  check on t h e  q u a l i t y  o f  
measured chamber p r e s s u r e  d a t a ,  and an a c c u r a t e  method f o r  p r e d i c t i n g  combus- 
t i o n  r a t e s  from measured chamber p r e s s u r e  da ta .  
The second numer i ca l  s i m u l a t i o n  model has been used t o  p r e d i c t  t h e  deve l -  
opment o f  t h e  chamber p r e s s u r e  w i t h  t i m e ,  and the reby  t h e  engine performance, 
from a p r e s p e c i f i e d  combust ion r a t e .  The engine s i m u l a t i o n  model d i v i d e s  t h e  
complete engine c y c l e  i n t o  t h e  f o l l o w i n g  p e r i o d s :  i n t a k e ,  compression, combus- 
t i o n  (and expans ion ) ,  and exhaust .  The engine s i m u l a t i o n  i s  based on a first- 
law  thermodynamics a n a l y s i s  o f  t h e  engine combust ion chamber w i t h  t h e  f o l l o w i n g  
ma jo r  as sumpt i ons : 
( 1 )  Quasi -s teady,  one-dimensional  compress ib le  f l o w  e q u a t i o n s  a r e  used 
c a l c u l a t e  t h e  mass flows t h r o u g h  t h e  p o r t s .  
(2) The i n t a k e  and exhaust  m a n i f o l d s  a r e  t r e a t e d  as i n f i n i t e  plenums w 
s p e c i f i e d  p ressu re  and tempera tu re  h i s t o r i e s .  
(3) A one-zone combust ion model i n  which t h e  combust ion r a t e  i s  s p e c i f  
by a hea t  r e l e a s e  r a t e  e q u a t i o n  i s  used. Th is  one-zone model d e s c r i b e s  t h e  
chamber c o n t e n t s  by a t i m e - v a r y i n g  average o v e r a l l  equ iva lence  r a t i o  and 
tempera tu re .  
( 4 )  Heat t r a n s f e r  t o  rotor and housings i s  modeled 
o v e r  a f l a t  p l a t e  where t h e  co r respond ing  Nusselt-Reyno 
i s  used. Also, hea t  t r a n s f e r  t o  c r e v i c e  w a l l s  i s  based 
t i e s  e v a l u a t e d  a t  t h e  c r e v i c e  w a l l  t empera tu re .  R a d i a t  
n e g l e c t e d .  
as t u r b u l e n t  convec 
to  
t h  
ed 
i o n  
ds number c o r r e l a t i o n  
on c r e v i c e  gas p roper -  
ve hea t  t r a n s f e r  i s  
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( 5 )  C rev i ces  a r e  modeled as c o n t a i n i n g  gas a t  chamber p ressu re  and w a l l  
t empera tu re .  
( 6 )  Leakage o c c u r s  from a c r e v i c e  r e g i o n  t o  an a d j a c e n t  chamber ( a t  l ower  
p r e s s u r e ) .  One-dimensional ,  quas i - s teady  compress ib le  flow e q u a t i o n s  a r e  used 
t o  model leakage f lows. 
( 7 )  Thermodynamic p r o p e r t i e s  ( e n t h a l p y  and d e n s i t y )  o f  t h e  chamber con- 
t e n t s  a r e  s p e c i f i e d  as f u n c t i o n s  o f  chamber tempera tu re ,  p ressu re ,  and average 
equ iva lence  r a t i o .  The i d e a l  gas law i s  obeyed th roughou t  t h e  c y c l e .  
The h e a t  r e l e a s e  r a t e  and t h e  eng ine  s i m u l a t i o n  programs can be used as 
d i a g n o s t i c  tools to  p r e d i c t  t h e  performance o f  D I S C  Wankel eng ines  when changes 
i n  t h e  eng ine  d e s i g n  and o p e r a t i n g  c o n d i t i o n s  a r e  made. 
MODELS CALIBRATION AND VALIDATION METHODOLOGIES 
The c a l i b r a t i o n  and v a l i d a t i o n  s t r a t e g i e s  o f  t h e  h e a t  r e l e a s e  and eng ine  
s i m u l a t i o n  programs a r e  d i scussed  n e x t .  The h e a t  r e l e a s e  program and t h e  
eng ine  c y c l e  s i m u l a t i o n  i n v o l v e  a number o f  submodels c o n t a i n i n g  e m p i r i c a l  con- 
s t a n t s  which r e q u i r e  c a l i b r a t i o n  a g a i n s t  exper imen ta l  d a t a .  For example, t h e  
f o l l o w i n g  va lues  o f  e m p i r i c a l  c o n s t a n t s  i n  v a r i o u s  submodels must be s p e c i f i e d :  
t h e  two s c a l i n g  f a c t o r s  i n  t h e  h e a t  t r a n s f e r  model, t h e  va lues  f o r  t h e  c r e v i c e  
volume and t h e  leakage a rea ,  t h e  w a l l  t empera tu re ,  t h e  r a t i o  o f  s p e c i f i c  hea ts ,  
and t h e  v a l u e s  o f  t h e  d i s c h a r q e  c o e f f i c i e n t s .  ExDerimental  d a t a  o b t a i n e d  from 
t h e  f i r i n g  1007R eng ine  r i g  were used i n  t h e  f o l l o w i n g  c a l i b r a  
t i o n  procedures :  
( 1 )  Exper imenta l  ensemble-averaged p r e s s u r e  t r a c e s  versus  
were used as i n p u t  t o  t h e  h e a t  r e l e a s e  program. A s  a s t a r t i n g  
f o r  t h e  va lues  o f  t h e  h e a t  t r a n s f e r  c o n s t a n t s ,  c r e v i c e  volume, 
and d i s c h a r u e  c o e f f i c i e n t s  were used. Computat ions of t h e  i n d  
i o n  and v a l i d a -  
c r a n k  a n g l e  d a t a  
p o i n t ,  e s t i m a t e s  
leakage area ,  
v i  dua l  h e a t  
r e l e a s e  r a t e s  and t h e  i n t e g r a t e d  h e a t  r e l e a s e  (g ross  h e a t  r e l e a s e )  r a t e s  were 
per fo rmed.  The g ross  h e a t  r e l e a s e  shou ld  be z e r o  b e f o r e  s t a r t  o f  combust ion .  
A t  t h e  end o f  combust ion,  t h e  cu rve  shou ld  be n e a r l y  f l a t ,  w i t h  a v a l u e  v e r y  
c l o s e  t o  t h e  f u e l  energy  (mass of f u e l  m u l t i p l i e d  by  i t s  l ower  h e a t i n g  v a l u e  
p e r  u n i t  mass). T h e r e f o r e ,  t h e  g ross  h e a t  r e l e a s e  curves  p r o v i d e  u s e f u l  checks 
f o r  t h e  h e a t  r e l e a s e  model. 
( 2 )  From t h e  i n d i v i d u a l  h e a t  r e l e a s e  r a t e s  computed a t  v a r y i n g  speed and 
l o a d  p o i n t s ,  an average h e a t  r e l e a s e  r a t e  was c a l c u l a t e d .  
(3) The e m p i r i c a l  h e a t  r e l e a s e  r a t e  model was then  f i t t e d  t o  t h e  average 
c a l c u l a t e d  hea t  r e l e a s e  r a t e .  
(dQ/de>m, em, and 
( 4 )  The hea t  r e l e a s e  r a t e  o b t a i n e d  i n  t h e  p r e c e d i n g  s t e p  was used as i n p u t  
t o  t h e  eng ine  s i m u l a t i o n  program. The p r e d i c t e d  p ressu re  t r a c e s  were t h e n  com- 
pared w i t h  exper imen ta l  ensemble-averaged p ressu re  t r a c e s .  T h i s  i t e r a t i o n  
scheme was repea ted  u n t i l  convergence between t h e  computed and e x p e r i m e n t a l  
ensemble-averaged p r e s s u r e  t r a c e s  was o b t a i n e d .  T h i s  s t u d y  was t h e  b a s e l i n e  
case where a l l  t h e  h e a t  loss mechanisms were cons ide red .  
A s e t  o f  f o u r  b e s t - f i t t e d  parameters  (es, 
r) was o b t a i n e d .  
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HEAT RELEASE PARAMETRIC ANALYSIS 
I n  o r d e r  to  i n v e s t i g a t e  t h e  e f f e c t s  o f  h e a t  t r a n s f e r ,  c r e v i c e  volume, and 
leakage a r e a  on  h e a t  r e l e a s e  and eng ine  performance, t h e  f o l l o w i n g  p a r a m e t r i c  
s t u d y  was performed. 
( 1 )  The f i t t e d  h e a t  r e l e a s e  r a t e  from t h e  b a s e l i n e  case was used as i n p u t  
Heat t r a n s f e r  was n e g l e c t e d .  A c o r r e s p o n d i n g  pres-  t o  t h e  eng ine  s i m u l a t i o n .  
sure  versus  c r a n k  ang le  cu rve  was o b t a i n e d .  
( 2 )  The p r e s s u r e  d a t a  o b t a i n e d  i n  t h e  p r e v i o u s  s t e p  was used t o  c a l c u l a t e  
t h e  co r respond ing  h e a t  r e l e a s e  r a t e  p r o f i l e .  
was used i n  t h e  f i t t i n g  p rocedure  t o  o b t a i n  f o u r  new b e s t - f i t t e d  parameters  i n  
t h e  e m p i r i c a l  h e a t  r e l e a s e  r a t e  model. T h i s  h e a t  r e l e a s e  r a t e  model was then  
used i n  t h e  eng ine  s i m u l a t i o n  to  compute a new p r e s s u r e  t r a c e  versus  c r a n k  
a n g l e .  T h i s  new p r e s s u r e  t r a c e  was used as i n p u t  to  t h e  h e a t  r e l e a s e  r a t e  p ro -  
gram t o  c a l c u l a t e  t h e  new h e a t  r e l e a s e  r a t e  p r o f i  l e .  T h i s  i t e r a t i o n  scheme was 
repea ted  u n t i l  c o n s i s t e n c y  was ach ieved .  
T h i s  h e a t  r e l e a s e  r a t e  p r o f i l e  
DESCRIPTION OF ENGINE 
The b a s e l i n e  Wankel eng ine  s e l e c t e d  for t h e  p r e s e n t  s t u d y  i s  t h e  s i n g l e  
ro tor ,  s t r a t i f i e d - c h a r g e  r e s e a r c h  r i g  eng ine ,  wh ich  was des igned by t h e  R o t a r y  
Engine D i v i s i o n  o f  John Deere Techno log ies  I n t e r n a t i o n a l ,  I n c . ,  under a NASA 
c o n t r a c t .  Model d e s i g n a t i o n  f o r  t h i s  eng ine  i s  1007R, where t h e  first d i g i t  
i n d i c a t e s  a s i n g l e  rotor and t h e  l a s t  d i g i t s  i n d i c a t e  t h e  t o t a l  eng ine  d i s -  
p lacement to  t h e  n e a r e s t  d e c i l i t e r .  
and t e s t e d  by John Deere i n  1984 t o  1986 as a r i g  eng ine  f o r  h i g h - o u t p u t ,  a i r -  
c r a f t  d u t y  c y c l e  c o n d i t i o n s .  
The 1007R eng ine  was des igned,  f a b r i c a t e d ,  
Tab le  I p r e s e n t s  t h e  geomet r i c  d a t a  f o r  t h e  1007R b a s e l i n e  Wankel eng ine .  
The 
The i g n i t e r  p r o v i d e s  t h e  s t a r t  o f  combust ion f o r  t h e  p i l o t  sp ray .  
T h i s  s t r a t i f i e d - c h a r g e  r o t a r y  eng ine  uses two f u e l  i n j e c t o r s  p e r  ro tor .  
arrangement o f  t h e  i n j e c t o r  and i g n i t e r  i n  t h e  rotor hous ing  i s  shown i n  
f i g u r e  1 .  
The p i l o t  spray ,  once i g n i t e d ,  p r o v i d e s  the  i g n i t i o n  source f o r  t h e  f u e l  from 
t h e  main i n j e c t i o n  n o z z l e .  The main n o z z l e  has m u l t i p l e  h o l e s  t o  a l l o w  e f f i -  
c i e n t  u t i l i z a t i o n  o f  t h e  combust ion chamber volume a t  h i g h  l oads .  The eng ine  
was tu rbocharged  and i n t e r c o o l e d  t o  i n c r e a s e  s p e c i f i c  o u t p u t  and t o  improve 
f u e l  consumption. P e r i p h e r a l  i n t a k e  and exhaust  p o r t s  were used. The f u e l  
used for t h i s  s e r i e s  of t e s t s  was J e t  A .  
P ressu re  i n  t h e  combust ion  chamber was measured by a s e r i e s  o f  f o u r  p res-  
The l o c a t i o n s  of t h e  t r a n s -  su re  t r a n s d u c e r s  p l a c e d  around t h e  ro tor  hous ing .  
ducers  a r e  a r ranged such t h a t  t h e  s i g n a l s  from two a d j a c e n t  t r a n s d u c e r s  o v e r l a p  
d u r i n g  p a r t  o f  t h e  c y c l e .  F i g u r e  2 shows t h e  p o s i t i o n  o f  t h e  p r e s s u r e  t r a n s -  
ducers  i n  t h e  eng ine  ro to r  hous ing .  
e x i s t s  between t h e  t h i r d  and f o u r t h  t r a n s d u c e r  l o c a t i o n s .  Because o f  l i m i t a -  
t i o n s  i n  t h e  placement o f  t h e  t ransducers ,  measurements d u r i n g  combust ion  a r e  
s p l i t  between t h e  f i r s t  and second t r a n s d u c e r s .  The f i r s t  t r a n s d u c e r  measures 
combust ion  p ressu re  u n t i l  40° a f t e r - t o p - c e n t e r  (ATC) ;  t h e  second t r a n s d u c e r  
beg ins  measur ing  combust ion p r e s s u r e  a t  9" ATC. 
The minimum o v e r l a p  o f  22 s h a f t  degrees 
A 720 -pu lse -pe r - revo lu t i on  s h a f t  encoder was d r i v e n  from t h e  eng ine  o u t p u t  
s h a f t  a t  o n e - t h i r d  speed. The encoder was used t o  p r o v i d e  a c y c l e  t r i g g e r  and 
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sample s i g n a l s  a t  1.5 c ranksha f t -deg ree  i n t e r v a l s .  A f ou r -channe l ,  d i g i t a l  
o s c i l l o s c o p e  capab le  o f  ensemble ave rag ing  t h e  p r e s s u r e  s i g n a l s  o v e r  a s p e c i -  
f i e d  number o f  c y c l e s  was used t o  c a p t u r e ,  average, and s p l i c e  t h e  o u t p u t  from 
t h e  f o u r  t r a n s d u c e r s .  The p r e s s u r e  d a t a  used i n  t h i s  a n a l y s i s  were ensemble 
averaged o v e r  50 eng ine  c y c l e s .  
RESULTS AND DISCUSSION 
R e s u l t s  o f  Heat Release A n a l y s i s  
F i g u r e  3 shows t h e  r e s u l t s  for t h e  combust ion h e a t  r e l e a s e  r a t e s  a t  b rake  
mean e f f e c t i v e  p ressu res  ( B M E P ' s )  r a n g i n g  from 298 t o  890 kPa a t  an eng ine  
speed o f  4000 rpm. The r a t e  of combust ion h e a t  r e l e a s e  was p l o t t e d  as a func -  
t i o n  o f  c r a n k s h a f t  ang le .  Each cu rve  was c a l c u l a t e d  by u s i n g  an ensemble aver -  
age of 50 c o n s e c u t i v e  c y c l e s  o f  t h e  exper imen ta l  p r e s s u r e  d a t a .  
t r e n d  o f  these  f i g u r e s  shows an i n c r e a s e  i n  t h e  v a l u e  of t h e  peak r a t e ,  hence 
an i n c r e a s e  i n  combust ion  e f f i c i e n c y ,  as BMEP i s  i nc reased .  The doub le  peak i n  
t h e  hea t  r e l e a s e  r a t e  a t  693 kPa BMEP i n d i c a t e s  t h a t  t h e  a c c u r a c i e s  o f  t h e  h e a t  
r e l e a s e  a n a l y s i s  r e l y  on  t h e  a c c u r a c i e s  o f  t h e  exper imen ta l  p r e s s u r e  d a t a .  The 
h e a t  r e l e a s e  a n a l y s i s  uses t h e  d e r i v a t i v e  o f  t h e  chamber p r e s s u r e ,  hence smooth 
and h i g h l y  r e s o l v e d  p r e s s u r e  d a t a  a r e  necessary  t o  o b t a i n  a c c u r a t e  h e a t  r e l e a s e  
r a t e  r e s u l t s .  Exper imen ta l  p r e s s u r e  d a t a  ana lyzed  w i t h  t h e  h e a t  r e l e a s e  r a t e  
program shou ld  a l s o  be ensemble averaged o v e r  a l a r g e  number o f  c a r e f u l l y  meas- 
u red ,  s i n g l e - c y c l e  p r e s s u r e  d a t a  so t h a t  t h e  e f f e c t s  of c y c l e - t o - c y c l e  v a r i a -  
t i o n s  a r e  n o t  o v e r l y  we igh ted  ( r e f .  6). The doub le  peak i n  t h e  h e a t  r e l e a s e  
r a t e  may have r e s u l t e d  from t h e  e f f e c t s  o f  c y c l e - t o - c y c l e  v a r i a t i o n s  due t o  
ensemble a v e r a g i n g  of o n l y  50 c y c l e s  o f  p ressu re  d a t a .  
The genera l  
A l l  t h e  h e a t  r e l e a s e  r a t e  curves  e x h i b i t  t h r e e  s tages  o f  combust ion .  The 
f i r s t  s tage o f  combust ion  s t a r t s  a t  a p p r o x i m a t e l y  25O b e f o r e - t o p - c e n t e r  (BTC). 
The second s tage of combust ion s t a r t s  a t  about  5O BTC and ends a t  a p p r o x i m a t e l y  
40° ATC. The t h i r d  s tage o f  combust ion s t a r t s  a t  t h e  end o f  t h e  second s tage 
and proceeds w e l l  i n t o  t h e  expans ion  s t r o k e .  I t  s h o u l d  be n o t e d  t h a t  t h e  h e a t  
r e l e a s e  r a t e  r e s u l t s  d u r i n g  t h e  second s tage a r e  s e n s i t i v e  t o  t h e  i n a c c u r a c i e s  
i n  t h e  p ressu re  d a t a .  A s  BMEP decreases, t h e  d i s t i n c t i o n  between t h e  second 
and t h i r d  s tage o f  combust ion becomes l e s s  c l e a r .  
A complete u n d e r s t a n d i n g  o f  t h e  combust ion process  would r e q u i r e  d e t a i l e d  
mode l i ng  o f  t h e  compress ib le  v i scous  a i r  mo t ion ,  f u e l  sp ray  p e n e t r a t i o n ,  drop- 
l e t  breakup and e v a p o r a t i o n ,  a i r  en t ra inmen t  i n t o  t h e  sp ray ,  t u r b u l e n t  d i f f u -  
s i o n ,  combust ion k i n e t i c s ,  and so on. The observed e a r l y  b u r n i n g  s tage  o f  
combust ion i s  e v i d e n t  by  t h e  r e s u l t  of p i l o t  sp ray  combust ion  and i s  denoted  
as t h e  p i l o t  s tage.  
p i l o t  spray  ( s e e  t a b l e  11). 
e t  a l .  ( r e f .  7 )  may be used he re  t o  e x p l a i n  t h e  f o l l o w i n g  two s tages  o f  combus- 
t i o n  observed i n  t h e  1007R r i g  eng ine .  Watson e t  a l .  proposed t h a t  t h e  appar-  
e n t  f u e l  b u r n i n g  r a t e  i n  d i e s e l  engines c o u l d  be expressed as t h e  sum o f  two 
components, one r e l a t i n g  t o  premixed b u r n i n g  and t h e  o t h e r  t o  d i f f u s i o n -  
c o n t r o l l e d  b u r n i n g .  I n  t h e  premixed s tage,  combust ion o f  t h e  f u e l  wh ich  has 
a l r e a d y  mixed w i t h  a i r  t o  w i t h i n  t h e  f l a m m a b i l i t y  l i m i t s  occu rs  f a i r l y  r a p i d l y .  
Once t h e  premixed f u e l  and a i r  m i x t u r e  has been consumed, combust ion i n  t h e  
n e x t  s tage i s  c o n t r o l l e d  b y  t h e  l ower  r a t e ,  a t  wh ich  t h e  f u e l - a i r  m i x t u r e  
becomes a v a i l a b l e  for d i f f u s i o n  b u r n i n g .  T h i s  s tage o f  combust ion c o n t i n u e s  
I t s  occu r rence  agrees w i t h  t h e  i n j e c t i o n  t i m i n g  o f  t h e  
The d e s c r i p t i o n  o f  d i e s e l  combust ion by  Watson 
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w e l l  i n t o  t h e  expansion stroke and a s y m p t o t i c a l l y  approaches ze ro .  The i n t e -  
g r a t e d  hea t  r e l e a s e  r a t e s  a t  f o u r  t y p i c a l  l oads  a r e  p r e s e n t e d  i n  f i g u r e  4 .  The 
i n t e g r a t e d  hea t  r e l e a s e  r a t e s  i n d i c a t e  t h a t  a p p r o x i m a t e l y  5 p e r c e n t  o f  t h e  f u e l  
burns d u r i n g  t h e  p i l o t  s tage,  l i t t l e  more than  h a l f  o f  t h e  f u e l  burns i n  t h e  
premixed s tage,  and t h e  m a j o r i t y  o f  t h e  r e m a i n i n g  f u e l  bu rns  i n  t h e  d i f f u s i o n  
s tage.  The i n t e g r a t e d  h e a t  r e l e a s e  r a t e s  a l s o  i n d i c a t e  t h a t  t h e  amount o f  f u e l  
burned b e f o r e  top-dead-center i nc reases  as l o a d  decreases.  F i g u r e  4 a l s o  shows 
performance loss mechanisms. The lowest cu rve  i s  t h e  n e t  h e a t  r e l e a s e ;  i t  
r e p r e s e n t s  t h e  n e t  thermal  e f f i c i e n c y  and t h e  s e n s i b l e  i n t e r n a l  energy changes 
of t h e  charge.  The n e x t  cu rve  shows t h e  e f f e c t  of  add ing  h e a t  t r a n s f e r  t o  
engine s t r u c t u r e s .  The h i g h e s t  cu rve  shows t h e  g ross  h e a t  r e l e a s e ,  which 
combines t h e  e f f e c t s  o f  adding hea t  t r a n s f e r ,  c r e v i c e  volume, and leakage area.  
T h i s  i s  t h e  computed g ross  hea t  r e l e a s e  curve,  which r e p r e s e n t s  t h e  amount o f  
chemical  energy r e l e a s e d  as thermal  energy by combust ion.  The s t r a i g h t  l i n e  
a l o n g  t h e  t o p  o f  each p a r t  o f  f i g u r e  4 r e p r e s e n t s  t h e  f u e l  chemical  energy 
w i t h i n  t h e  chamber; t h a t  i s ,  t h e  mass o f  f u e l  i n  t h e  chamber m u l t i p l i e d  by t h e  
l ower  h e a t i n g  v a l u e  pe r  u n i t  mass. 
a l l  f o u r  l o a d s  f o r  t h e  1007 r i g  engine i s  g i v e n  i n  t a b l e  111. 
The breakdown of these  loss mechanisms a t  
F i g u r e  5 shows t h e  comparison o f  computed and exper imen ta l  p r e s s u r e  pro-  
f i l e s  a t  f o u r  l oads  a t  4000 rpm. The peak p r e s s u r e  i n  t h e  s i m u l a t i o n  i s  ove r -  
p r e d i c t e d .  The p ressu re  va lues  i n  t h e  s i m u l a t i o n  a r e  u n d e r p r e d i c t e d  d u r i n g  
compression; t h i s  suggests t h a t  t h e  p o r t  area, or d i s c h a r g e  c o e f f i c i e n t ,  i s  n o t  
c o r r e c t  i n  t h e  model. I n  a d d i t i o n ,  t h e  D I S C  Wankel s i m u l a t i o n  assumes t h a t  
f u e l  i s  i n j e c t e d  a t  t h e  r a t e  a t  which i t  i s  burned, as d e f i n e d  by a p r e s p e c i -  
f i e d  h e a t  r e l e a s e  e q u a t i o n .  
To complete t h e  f o r m u l a t i o n  of  t h e  combust ion model, a s i n g l e ,  u n i v e r s a l  
hea t  r e l e a s e  r a t e  cu rve  ( f i g .  6)  i s  generated by a v e r a g i n g  t h e  r a t e s  shown i n  
f i g u r e  3 .  A s  a f irst a t t e m p t ,  t h e  e m p i r i c a l  h e a t  r e l e a s e  r a t e  model d e s c r i b e d  
i n  t h e  s e c t i o n  Models D e s c r i p t i o n  was used t o  r e p r e s e n t  t h e  r a t e  o f  h e a t  
r e l e a s e  i n  t h e  numer ica l  s i m u l a t i o n .  The e m p i r i c a l  hea t  r e l e a s e  r a t e  was f i t -  
t e d  t o  t h e  average hea t  r e l e a s e  r a t e  cu rve ,  and t h e  r e s u l t s  of t h e  model param- 
e t e r  va lues  a r e  
e, = 15.240 BTC 
8, = 20.55" ATC 
(dQ/de>, = 0.029 ( l / d e g >  
T = 16.24" 
The c a l i b r a t i o n  of  t h e  submodels o f  hea t  r e l e a s e ,  hea t  t r a n s f e r ,  leakage,  
c r e v i c e  e f f e c t s ,  and o t h e r s  r e s u l t e d  i n  a d d i t i o n a l  parameter va lues  i n  t h e  
1007R r i g  engine s i m u l a t i o n  as f o l l o w s :  
Heat t r a n s f e r  cons tan ts  
c1 . . . . . . . . . . . . . . . . . . . . . .  0 . 4  
c2 . . . . . . . . . .  . . . . . . . . . . .  0 . 5  
Leakage area per  a e x ,  c m i  . . . . . . . . . . .  0.01 
C r e v i c e  volume, cm . . . . . . . . . . . .  0.573 
Discharge c o e f f i c i e n t s  
I n t a k e . .  . . . . . . . . . . . . . . . . . .  0.8 
Exhaust . . . . . . . . . . . . . . . . . . .  0 . 7  
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Es t ima ted  tempera tures  of t h e  ro tor  f a c e  and measured tempera tu res  o f  t h e  
s i d e  and rotor hous ing  s u r f a c e s  a t  v a r i o u s  o p e r a t i n g  c o n d i t i o n s  were used i n  
t h e  s i m u l a t i o n .  The e f f e c t s  of v a r i o u s  o p e r a t i o n a l  parameters  on  t h e  pe r fo rm-  
ance o f  t h e  1007R r i g  eng ine  and i t s  p r e d i c t e d  r e s u l t s  a r e  d i scussed  n e x t .  
Engine Performance R e s u l t s  
C a l c u l a t i o n s  were c a r r i e d  o u t  f o r  t h e  1007R tu rbocharged  r i g  eng ine  a t  
4000 rpm a t  f ou r  l o a d s .  The s i m u l a t i o n  o u t p u t  was checked a g a i n s t  per fo rmance 
t e s t  d a t a .  The v a r i o u s  c a l c u l a t e d  parameters ( i . e . ,  v o l u m e t r i c  e f f i c i e n c y ,  
power o u t p u t ,  i n d i c a t e d  s p e c i f i c  f u e l  consumption ( I S F C ) ,  and exhaust  tempera- 
t u r e )  a r e  compared w i t h  exper imen ta l  r e s u l t s  i n  f i g u r e s  7 and 8. O n l y  i n d i -  
c a t e d  q u a n t i t i e s  w e r e  computed, s i n c e  f r i c t i o n  was n o t  i n c l u d e d  i n  t h e  
s i m u l a t i o n  model. 
F i g u r e  7 shows t h e  comparison of t h e  i n d i c a t e d  va lues  o f  t h e  power o u t p u t  
and s p e c i f i c  f u e l  consumption p r e d i c t e d  by  t h e  s i m u l a t i o n  and e x p e r i m e n t a l  
v a l u e s  o f  b rake  horsepower (BHP) and b rake  s p e c i f i c  f u e l  consumption (BSFC), 
r e s p e c t i v e l y ,  a t  4000 rpm a t  f o u r  l oads .  There i s  good agreement i n  t h e  t r e n d  
o f  i n d i c a t e d  power o u t p u t  p r e d i c t e d  from t h e  s i m u l a t i o n  and b rake  horsepower 
from eng ine  t e s t  d a t a .  The b rake  horsepower va lues  a r e  about  28 p e r c e n t  l o w e r  
t h a n  i n d i c a t e d  horsepower va lues  p r e d i c t e d  from s i m u l a t i o n .  The p r e d i c t e d  
i n d i c a t e d  s p e c i f i c  f u e l  consumption va lues  a r e  about  2 6  p e r c e n t  l o w e r  t h a n  t h e  
measured b rake  s p e c i f i c  f u e l  consumption. 
F i g u r e  8 shows t h e  comparison o f  t h e  v o l u m e t r i c  e f f i c i e n c y  and exhaust  
t empera tu re  va lues  p r e d i c t e d  by  t h e  s i m u l a t i o n  w i t h  t h e  ena ine  d a t a .  ComDari- 
son o f  t h e  va lues  f o r  v o l u m e t r i c  
22 p e r c e n t .  The s i m u l a t i o n  mode 
16 t o  44 p e r c e n t .  The va lues  o f  
t a b l e  I V .  
F i g u r e  9 p r e s e n t s  t h e  1007R 
b y  t h e  s i m u l a t i o n  model. P r e d i c  
p resen ted .  
e f f i c i e n c y  shows d i f f e r e n t e s  v a r y i n g  from 2 t o  
p r e d i c t e d  per fo rmance d a t a  a r e  l i s t e d  i n  
o v e r p r e d i c t e d  t h e  exhaust  t empera tu re  b y  
tu rbocharged  eng ine  per fo rmance map p r e d i c t e d  
ed eng ine  performance and I S F C  d a t a  a r e  
The e f f e c t s  o f  changes i n  e q u i v a l e n c e  r a t i o ,  spa rk  t i m i n g ,  compress ion  
r a t i o ,  t u r b o c h a r g i n g ,  and leakage a rea  on  performance c h a r a c t e r i s t i c s  o f  t h e  
1007R r i g  eng ine  were s t u d i e d  by  t h e  s i m u l a t i o n  model, and t h e  r e s u l t s  a r e  d i s -  
cussed n e x t .  Tes ts  w e r e  c a r r i e d  o u t  f o r  t h e  f o l l o w i n g  r e f e r e n c e  c o n d i t i o n :  
4000 rpm, 890 kPa BMEP. To make these p a r a m e t r i c  s t u d i e s ,  one parameter  was 
changed a t  a t i m e  w h i l e  t h e  o t h e r  parameters were k e p t  a t  t h e  r e f e r e n c e  
c o n d i t i o n .  
The e f f e c t  o f  equ iva lence  r a t i o .  - V a r i a t i o n  i n  power o u t p u t ,  ISFC, and 
exhaust  tempera ture  w i t h  e q u i v a l e n c e  r a t i o  i s  shown i n  f i g u r e  10. 
The e f f e c t  o f  advanced spark  t i m i n g .  - F i g u r e  1 1  shows t h e  e f f e c t  o f  
advanced spark  t i m i n g  on t h e  mass burned f r a c t i o n ,  chamber p r e s s u r e  and temper- 
a t u r e ,  and power o u t p u t  of t h e  1007R r i g  eng ine  a t  4000 rpm, e q u i v a l e n c e  r a t i o  
$ = 0.65, and 890 kPa BMEP. 
ZOO to  8 O  BTC. The no rma l i zed  mass f r a c t i o n  burned a t  t h r e e  d i f f e r e n t  spa rk  
t i m i n g s  (ZOO, 15O, and 8O BTC) i n d i c a t e s  t h a t  t h e  f u e l  i s  burned f a s t e r  and 
The v a l u e  o f  t h e  spark  t i m i n g  was v a r i e d  from 
8 
e a r l i e r  i n  t h e  c y c l e  w i t h  e a r l y  spa rk  t i m i n g .  
s i g n i f i c a n t  i n c r e a s e  i n  t h e  peak p r e s s u r e  w i t h  e a r l y  spa rk  t i m i n g .  The chamber 
temperature near top-dead-center (TDC) and t h e  t o t a l  work o u t p u t  p e r  c y c l e  from 
t h e  pressure-volume diagrams shown i n  f i g u r e  1 1  a l s o  i n c r e a s e  w i t h  e a r l y  spa rk  
t i m i n g .  
The s i m u l a t i o n  a l s o  p r e d i c t s  
F i g u r e  12 shows t h e  e f f e c t  of advanced spa rk  t i m i n g  on t h e  power o u t p u t ,  
i n d i c a t e d  mean e f f e c t i v e  p r e s s u r e  ( I M E P ) ,  ISFC, and exhaust  t empera tu re  f o r  t h e  
1007R r i g  engine (4000 rpm, 890 kPa BMEP). The model p r e d i c t s  an i n c r e a s e  i n  
power o u t p u t  and I M E P  w i t h  e a r l y  spa rk  t i m i n g .  
decrease i n  I S F C  and exhaust  t empera tu re  w i t h  e a r l y  spa rk  t i m i n g .  
The model a l s o  p r e d i c t s  a 
The e f f e c t  o f  combust ion r a t e .  - Unders tand ing  t h e  combust ion  p rocess  
p l a y s  an i m p o r t a n t  ro le  i n  t h e  o p t i m i z a t i o n  o f  engine performance and e f f i -  
c i e n c y  o f  t h e  Wankel engine.  To change t h e  combust ion r a t e  i n  t h e  s i m u l a t i o n  
o f  t h e  1007R engine t e s t  r i g ,  t h e  combust ion d u r a t i o n  was a d j u s t e d .  The com- 
b u s t i o n  d u r a t i o n  i s  d e f i n e d  as t h e  c r a n k s h a f t  a n g l e  i n t e r v a l  from 10 p e r c e n t  
mass f r a c t i o n  burned t o  90 p e r c e n t  mass f r a c t i o n  burned. 
i n t e r v a l  between t h e  a c t u a l  spark t i m i n g  and 10 p e r c e n t  mass f r a c t i o n  burned 
d e f i n e s  t h e  i g n i t i o n  d e l a y  p e r i o d .  A change i n  t h e  combust ion d u r a t i o n  was 
induced by a change i n  t h e  va lues  o f  8, ( t h e  c r a n k s h a f t  ang le  p o s i t i o n  a t  
peak r a t e  of  hea t  r e l e a s e ) ,  t h e  va lues  o f  8, ( t h e  spa rk  t i m i n g ) ,  and t h e  v a l -  
ues o f  (dQ/de)m ( t h e  peak r a t e  of h e a t  r e l e a s e ) .  The va lues  o f  t h e  a rea  under 
t h e  r a t e  o f  hea t  r e l e a s e  cu rve ,  (dQ/d0)  o f  e q u a t i o n  ( 3 > ,  remained c o n s t a n t  ( i . e . ,  
t h e  amount o f  f u e l  burned was t h e  same for a l l  t h e  cases s t u d i e d ) .  The t i m e  
c o n s t a n t  T o f  e q u a t i o n  ( 4 )  was c a l c u l a t e d  by u s i n g  e q u a t i o n  ( 5 ) .  F i g u r e  13 
shows t h e  f i v e  combust ion hea t  r e l e a s e  r a t e s  w i t h  combust ion d u r a t i o n  r a n g i n g  
from 15.5O to  114.2O c r a n k s h a f t  ang le  i n t e r v a l .  
The c r a n k s h a f t  a n g l e  
F i g u r e  14 p r e s e n t s  t h e  e f f e c t  o f  combust ion d u r a t i o n  on t h e  power o u t p u t ,  
A minimum I S F C  o f  0.3896 l b / h p - h r  and a maxi- 
thermal  e f f i c i e n c y ,  I S F C ,  and exhaust  temperature for t h e  1007R r i g  eng ine  
(4000 rpm; 890 kPa BMEP)) .  The maximum power o u t p u t  was 70.78 hp a t  44.4O 
c r a n k s h a f t  ang le  burn d u r a t i o n .  
mum I M E P  o f  1491 kPa w e r e  a l s o  o b t a i n e d  a t  t h i s  bu rn  d u r a t i o n .  The exhaust  
temperature i nc reased  l i n e a r l y  w i t h  b u r n  d u r a t i o n  for t h e  range of c r a n k s h a f t  
angles s t u d i e d  he re .  Table V summarizes t h e  e f f e c t  o f  bu rn  d u r a t i o n  on t h e  
performance o f  t h e  1007R r i g  engine.  
The e f f e c t  o f  leakage area.  - Leakage p a s t  t h e  apex and s i d e  s e a l s  i s  an 
i m p o r t a n t  source o f  performance loss i n  t h e  Wankel r o t a r y  eng ine .  E b e r l e  and 
Klomp ( r e f .  8)  p r e d i c t e d  t h a t  a r e d u c t i o n  i n  leakage a rea  o f  5 p e r c e n t  a t  
2000 rpm w i l l  reduce I S F C  by 6.5 p e r c e n t .  The s ide -sea l  s p r i n g  m o d i f i c a t i o n  
made by Yamamoto and Mukor i  ( r e f .  9) reduces b rake  s p e c i f i c  f u e l  consumption by 
3 .5  p e r c e n t  a t  1500 rpm ove r  a l o a d  range o f  1 . 5  t o  4 kg/cm2 BMEP. 
The model used i n  t h i s  s tudy  combines apex and s ide -sea l  leakage i n t o  
t h r e e  s ide -sea l  leakage a reas .  F i g u r e  15 shows t h e  e f f e c t  o f  reduced leakage 
a rea  on power o u t p u t ,  I M E P ,  and I S F C  fo r  t h e  1007R tu rbocharged  r i g  eng ine  
(4000 rpm, 890 kPa BMEP). The model p r e d i c t s  a s i g n i f i c a n t  improvement i n  
engine performance w i t h  reduced leakage.  A s  t h e  leakage a rea  i s  reduced from 
0.02 t o  0 cm2 pe r  apex, t h e  f o l l o w i n g  improvements a r e  observed: 
i s  i nc reased  by 12.4 p e r c e n t ,  I M E P  i s  i nc reased  by 12.8 p e r c e n t ,  and I S F C  i s  
decreased by 15.7 p e r c e n t .  A l though  a complete e l i m i n a t i o n  o f  leakage ( i . e . ,  
z e r o  leakage a rea )  may n o t  be p r a c t i c a l l y  p o s s i b l e ,  even modest r e d u c t i o n s  i n  
leakage w i l l  r e s u l t  i n  s i g n i f i c a n t  performance improvements. 
power o u t p u t  
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The e f f e c t  o f  t u r b o c h a r g i n g  
t h e  1007R r i g  eng ine  a t  4000 rpm 
su res .  These r e s u l t s  i n d i c a t e  a 
t h e  n a t u r a l l y  a s p i r a t e d  eng ine .  
observed as t h e  i n t a k e  p r e s s u r e  
- F i g u r e  1 6  shows t h e  e f f e c t  o f  t u r b o c h a r g i n g  
th rough  t h e  i n t a k e  and exhaus t  m a n i f o l d  p res -  
s i g n i f i c a n t  improvement i n  per fo rmance over 
An i n c r e a s e  i n  power o u t p u t  o f  32 Dercen t  i s  
s i n c r e a s e d  by 2 1  p e r c e n t .  An i n c r e a s e  i n  
i n t a k e  p ressu re  by t h e  same amount a l s o  i n c r e a s e s  t h e  exhaust  t empera tu re  by 
16.8 p e r c e n t ,  I S F C  by  3.8 p e r c e n t ,  and t h e  i n d i c a t e d  mean e f f e c t i v e  p r e s s u r e  
( I M E P )  by  33 p e r c e n t .  
The e f f e c t  o f  h i g h e r  compression r a t i o .  - The e f f e c t  o f  h i g h e r  compress 
r a t i o  on t h e  Wankel enq ine  per fo rmance was a l s o  s t u d i e d  by t h e  s i m u l a t i o n  
he 
on 
model. The compression r a t i o s  s t u d i e d  were 7 .5  and 8 .92 . -  F i g u r e  17 shows t h e  
e f f e c t  o f  i n c r e a s i n g  compression r a t i o  on t h e  1007R r i g  eng ine  performance 
(4000 rpm, 890 kPa BMEP). An i n c r e a s e  i n  compression r a t i o  by 1 6  p e r c e n t  
i nc reases  the  power o u t p u t  by  4 p e r c e n t .  The exhaust  t empera tu re  and t h e  I M E P  
a l s o  i nc rease  w i t h  an i n c r e a s e  i n  compression r a t i o .  
The Wankel eng ine  s i m u l a t i o n  model p r e d i c t e d  an improvement i n  per fo rmance 
w i t h  h i g h e r  compression r a t i o ,  t u r b o c h a r g i n g ,  and reduced leakage.  The p r e -  
d i c t e d  performance improvement i n  t h e  D I S C  Wankel eng ine  w i t h  these concepts  i s  
summarized i n  t a b l e s  V and VI. 
CONCLUSIONS 
Computer models of h e a t  r e l e a s e  r a t e  and eng ine  s i m u l a t i o n  o f  t h e  D I S C  
Wankel eng ine  s i m u l a t i o n  have been used t o  s t u d y  eng ine  per fo rmance l o s s  mech- 
anisms and to  i n v e s t i g a t e  how t h e  per fo rmance o f  t h e  D I S C  Wankel eng ine  v a r i e s  
w i t h  changes i n  eng ine  d e s i g n  and o p e r a t i n g  c o n d i t i o n s .  
t i o n  r e s u l t s  w i t h  e x p e r i m e n t a l  d a t a  was p r o v i d e d .  The ma jo r  c o n c l u s i o n s  wh ich  
have been drawn from t h i s  s t u d y  a r e  t h e  f o l l o w i n g :  
Comparison o f  c a l c u l a -  
1 .  Combustion i n  t h e  1007R r i g  eng ine  d i s p l a y s  t h r e e  d i s t i n c t  s tages .  The 
e a r l y  b u r n i n g  s tage 1 o f  combust ion  wh ich  s t a r t s  a t  a p p r o x i m a t e l y  2 5 O  BTC may 
be t h e  r e s u l t  o f  p i l o t  sp ray  combust ion.  Stage 2 o f  combust ion  s t a r t s  a t  about  
So BTC and ends a t  a p p r o x i m a t e l y  40° ATC. The t h i r d  s tage  o f  combust ion  s t a r t s  
a t  t h e  end o f  t h e  second s tage  and proceeds w e l l  i n t o  t h e  expans ion  s t r o k e .  
Stage 2 can be d e s c r i b e d  as a r a p i d l y  o c c u r r i n g  premixed combust ion  p e r i o d ,  and 
s tage 3 can be d e s c r i b e d  as a slow d i f f u s i o n - c o n t r o l l e d  combust ion  p e r i o d .  
2 .  The h e a t  r e l e a s e  r a t e  p r o f i l e s  i n d i c a t e  an i n c r e a s e  i n  combust ion  e f f i -  
c i e n c y  as BMEP i s  i nc reased .  A s  BMEP i s  decreased, t h e  d i s t i n c t i o n  between t h e  
second s tage and t h e  t h i r d  s tage o f  combust ion becomes l e s s  c l e a r .  
3. C a r e f u l l y  measured p r e s s u r e  d a t a  t h a t  a r e  ensemble averaged o v e r  a 
l a r g e  number o f  c y c l e s  a r e  r e q u i r e d  t o  o b t a i n  a c c u r a t e  hea t  r e l e a s e  a n a l y s i s .  
4. The c r e v i c e  volume and leakage a r e a  o f  t h e  1007R r i g  eng ine  a r e  s m a l l .  
5 .  The eng ine  s i m u l a t i o n  model p r e d i c t s  s i g n i f i c a n t  improvements i n  t h e  
performance o f  t h e  1007R r i g  eng ine  w i t h  reduced leakage,  h i g h e r  compression 
r a t i o ,  and t u r b o c h a r g i n g .  
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TABLE I .  - ENGINE GEOMETRIES 
Displacement,  i n . 3  (cm3) . . . . . . . .  
E c c e n t r i c i t y ,  i n .  (mm) . . . . . . . . .  
Generat ing r a d i u s ,  i n .  (mm) . . . . . .  
Width o f  r o t o r  housing,  i n .  (mm) . . . .  
I n t a k e  p o r t  . . . . . . . . . . . . . .  
P o r t  t i m i n g s ,  deg ATDC 
Exhaust p o r t  opens . . . . . . . . .  
Exhaust p o r t  c loses  . . . . . . . . .  
I n t a k e  p o r t  opens . . . . . . . . . .  
I n t a k e  p o r t  c loses  . . . . . . . . .  
Fuel . . . . . . . . . . . . . . . . . .  
Lower h e a t i n g  v a l u e  ( L H V ) ,  B t u / l b  . . .  
40 .424  ( 6 6 2 . 4 2 7 )  . 0.607 ( 1 5 . 4 1 8 )  
4 . 1 8 9  ( 1 0 6 . 4 0 1 )  . 3.036 ( 7 7 . 1 1 4 )  . . .  P e r i p h e r a l  
. . . . . .  209 . . . . . .  611 . . . . . .  453 . . . . . .  a50 
. . . . .  J e t A  
. . . . .  19 719 
1 1  
TABLE 11. - TEST DATA FOR THE 1007R TURBOCHARGED 
STRATIFIED-CHARGE WANKEL ENGINE 
I 
Case number Percent  thermal Percent  hea t  
e f f i c i e n c y  p l u s  t r a n s f e r  t o  
pe rcen t  change s t r u c t u r e  
i n  s e n s i b l e  
i n t e r n a l  energy 
I Case number 
Percent  hea t  
l o s s  t o  c r e v i c e  
volume and 
leakage a rea  





~~ ~~ ~ 
Engine speed, rpm 
Fuel  f l o w ,  l b / h r  
A i r  f l o w ,  l b / h r  
Equi Val ence r a t i o  
Turbo speed, rpm 
I n t e r c o o l  ed 
Engine i n l e t  p ressu re ,  atm 
Turb ine  i n l e t  p ressu re ,  atm 
Engine i n l e t  tempera ture ,  K 
Turb ine  i n l e t  tempera ture ,  K 
Main i n j e c t i o n  s t a r t ,  deg BTC 
Main i n j e c t i o n  end, deg BTC 
P i l o t  i n j e c t i o n  s t a r t ,  deg BTC 
P i l o t  i n j e c t i o n  end, deg BTC 
V o l u m e t r i c  e f f i c i e n c y ,  p e r c e n t  
Brake horsepower,  BHP, hp 
Brake mean e f f e c t i v e  p ressu re ,  
Brake s p e c i f i c  f u e l  consumption, 
BMEP, p s i  (kPa) 
























































































129.0 (890)  
0.5127 
TABLE 111. - RESULTS OF HEAT RELEASE ANALYSIS OF THE 1007R 
R I G  ENGINE 




TABLE I V .  - PREDICTED PERFORMANCE DATA FOR THE 1007R 
R I G  ENGINE 
4 
I I Case number 
Vo lumet r i c  e f f i c i e n c y ,  pe rcen t  
I n d i c a t e d  power, hp 
I n d i c a t e d  mean e f f e c t i v e  pres- 
sure,  IMEP,  p s i  (kPa) 
I n d i c a t e d  speci  f i  c f u e l  consump- 
t i o n ,  I S F C ,  lb /hp-hr  (g/kW-hr) 
Exhaust temperature,  K 
108.4 
28.33 












TABLE V .  - EFFECT OF COMBUSTION DURATION ON 1007R R I G  ENGINE PERFORMANCE 
[Engine speed, 4000 rpm; b rake  mean e f f e c t i v e  p ressu re ,  BMEP, 890 kPa.1 
Spark 
t i m i n g a  
I n d i c a t e d  power, hp 
Thermal e f f i c i e n c y ,  p e r c e n t  
I n d i c a t e d  s p e c i f i c  f u e l  
consumption, ISFC, 
lb /hp-hr  (g/kW-hr) 
I n d i c a t e d  mean e f f e c t i v e  
p ressu re ,  IMEP, p s i  (kPa) 
Exhaust temperature,  K 
H i g h e r  Reduced I n t a k e /  
compres i o n  leakageC exhaus t  
p r e s s  u r e d  r a t i o  8 
15.5 
I n d i c a t e d  s p e c i f i c  f u e l  consumption, ISFC 
Power 
Ex haus t temperature 
V o l u m e t r i c  e f f i c i e n c y  
I n d i c a t e d  mean e f f e c t i v e  p ressu re .  IMEP 
70.81 
34.6 





-1.7 1 .3  
0 0 
1.4 3.7 
































0.4258 (259 )  
197.8 (1364) 
1730 
a Inc rease  i n  spark t i m i n g  from 8 "  t o  20" BTC. 
b Inc rease  i n  compression r a t i o  f rom 7.5 t o  8 92. 
d Inc rease  i n  i n t a k e  p r e s s u r e  f rom 1.18 t o  1.5 atm; exhaus t  p ressu re ,  1.074 atm. 




FIGURE 1. - CROSS SECTION OF COMBUSTION CHAMBER, SHOWING LOCATIONS OF PILOT AND MAIN FUEL INJECTORS AND IGNITER. 
FIGURE 2. - POSITIONS OF PRESSURE TRANSDUCERS P IN 1007R ENGINE 
ROTOR HOUSING. 
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(B)  BRAKE MEAN EFFECTIVE PRESSURE, BNEP. 6 9 3  KPA. 
0 
.- 
CRANKSHAFT ANGLE, CA. DEG 
(C)  BRAKE MEAN EFFECTIVE PRESSURE, BMEP. 5 2 9  KPA. (D) BRAKE MEAN EFFECTIVE PRESSURE. BMEP. 298 KPA. 
FIGURE 3. - HEAT RELEASE RATE. ENGINE SPEED, 4000 RPH. 
15 
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7 (A)  BRAKE MEAN EFFECTIVE PRESSURE, W P .  890 KPA. 
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- FUEL CHEMICAL ENERGY --- NET HEAT RELEASE ---- HEAT TRANSFER TO STRUCTURE 
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(D) BRAKE MEAN EFFECTIVE PRESSURE. BNEP. 298 KPA. 


















(A)  BRAKE MEAN EFFECTIVE PRESSURE, BMEP. 890 KPA 












- PLEASURED ----- PREDICTED 
(B) BRAKE MEAN EFFECTIVE PRESSURE, BMEP. 693 KPA. 
ANGLE. DEG 
(D)  BRAKE MEAN EFFECTIVE PRESSURE, W P .  298 K P A .  ( C )  BRAKE MEAN EFFECTIVE PRESSURE. BHEP. 529 KPA. 
FIGURE 5. - COMPARISON OF MEASURED AND PREDICTED CHAMBER PRESSURES. ENGINE SPEED, 4000 RPM. 
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0 1  
360 520 680 840 1000 
BRAKE R A N  EFFECTIVE PRESSURE. BMEP, KPA 
( A )  COMPARISON OF INDICATED OUTPUT POWER VALUES PREDICTED 
BY THE SIMULATION WITH BRAKE HORSEPOWER AT FOUR LOADS 
AND 4000 RPM. 
(B)  COMPARISON OF INDICATED SPECIFIC FUEL CONSUMPTION VALUES 
PREDICTED BY THE SIMULATION WITH EXPERIMENTAL BRAKE SPECIFIC 
FUEL COMSUMPTION AT FOUR LOADS AND 4000 RPM. 
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BRAKE MEAN EFFECTIVE PRESSURE. W P ,  KPA 





































.35 .45 * 55 .65 
EQUIVALENCE RATIO 
(B) INDICATED SPECIFIC FUEL (A) INDICATED POWER OUTPUT. (C) EXHAUST TEMPERATURE. 
CONSUMPTION, ISFC. 
FIGURE 10. - VARIATION I N  POWER OUTPUT, INDICATED SPECIFIC FUEL CONSUMPTION, AND EXHAUST TEMPERATURE 
WITH EQUIVALENCE RATIO. ENGINE SPEED. 4000 RPM. 
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(B) CHAMBER PRESSURE. 
65 r 
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CLEARANCE VOLUME. CM3 
(D)  WORK OUTPUT. 
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(C)  CHAMBER TWERATURE.  
FIGURE 11. - EFFECT OF SPARK TIMING ON MASS BURNED FRACTION, CHAMBER PRESSURE AND TERERATURE, AND POWER OUTPUT OF THE 1007R RIG.  
ENGINE SPEED, 4000 RPM: BRAKE K A N  EFFECTIVE PRESSURE, BNEP, 890 KPA. 
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( A )  INDICATED POWER OUTPUT. 
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(B) INDICATED SPECIFIC FUEL CONSUMPTION. ISFC. 
2 1 7 . 0  
2 1 6 . 5  
rn - 1- 
a I t 2 2 1 6 . 0  Y 








2 1 3 . 5  











2 1 3 . 0  
( C )  EXHAUST TEMPERATURE. (D)  INDICATED MEAN EFFECTIVE PRESSURE. IMEP. 
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FIGURE 13. - EMPIRICAL HEAT RELEASE RATE MODELS USED TO 
STUDY EFFECT OF COMBUSTION DURATION ON ENGINE PER- 
FORMANCE. 
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(B) INDICATED SPECIFIC FUEL CONSUMPTION. ISFC. 
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(C) EXHAUST TEMPERATURE. (D)  THERMAL EFFICIENCY. 


































SOLID SYMBOLS DENOTE BASE- 
L INE CASE WITH LEAKAGE 
AREA PER APEX OF 0.01 CM2 
- 
.006 .012 .018 
LEAKAGE AREA PER APEX, CM2 
(B) INDICATED SPECIFIC FUEL (C) INDICATED MEAN EFFECTIVE (A)  INDICATED POWER OUTPUT. 
CONSUMPTION, ISFC. PRESSURE, IMEP. 
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INTAKE PRESSURE, ATM 
(C) EXHAUST TEMPERATURE. (D) INDICATED MEAN EFFECTIVE PRESSURE, IMEP. 
FIGURE 16. - EFFECT OF INTAKE/EXHAUST PRESSURE RATIO. ENGINE SPEED, 4000 RPM: BRAKE MEAN EFFECTIVE PRESSURE. BMEP, 890 KPA: 
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COMPRESSION RATIO 
(A)  INDICATED POWER OUTPUT. (B)  EXHAUST TEMPERATURE. (C) INDICATED MEAN EFFECTIVE 
PRESSURE. IMEP. 
FIGURE 17. - EFFECT OF COMPRESSION RATIO ON ENGINE PERFORMANCE. ENGINE SPEED, 4000 RPM; BRAKE MEAN EFFECTIVE PRESSURE, BMEP. 
890 KPA. 
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